Monophasic tin dioxide nanoflowers (TONFs) assembled by rod-like nanostructures were prepared by coprecipitation method using tin chloride and ammonia precipitators, as the starting materials, without using any surfactants or templates. The structural, compositional, optical, and morphological properties of TONFs were investigated by XRD, FT-IR, UV-vis, SEM-EDX, and TEM techniques. Synthesized TONFs demonstrated inhibition of quorum sensing-(QS-) regulated virulence in pathogens, viz., Chromobacterium violaceum, Pseudomonas aeruginosa, and Serratia marcescens. Significant reduction in biofilm formation in all test pathogens was also observed which was further validated by CLSM images illustrating disturbed biofilm architecture. Vital functions like EPS, swarming motility, and cell surface hydrophobicity that contribute to successful biofilm formation were reduced after addition of sub-MICs of TONFs. Significant eradication of preformed biofilms was recorded upon addition of subinhibitory concentrations of TONFs in all test pathogens. The study highlights the broad-spectrum QS and biofilm inhibition by TONFs that can be exploited in future to protect food from contamination and combatting persistent drug-resistant infections.
Introduction
The food industry is encountering excessive economic losses due to the spoilage and contamination of food products by microbes [1] . This spoilage of food is often linked to a density-dependent cell-cell communication system quorum sensing (QS). Communication is intra-as well as interspecies both in Gram-positive and in Gramnegative bacteria. Bacteria communicate and coordinate their behavior when they achieve an optimum population density and produce signaling molecules called autoinducers [2, 3] . Autoinducers (AIs) coordinate the production of various phenotypic and physiological characteristics. Acylhomoserine lactones (AHLs), autoinducer peptides (AIPs), and autoinducer-2 (AI-2s) molecules are the three major classes of AIs [4] . These AIs regulate various enzymatic activities and siderophore-mediated iron chelation, which are associated with food spoilage [5] . In Gram-negative bacteria, AHL-based QS regulates the production of violacein pigment (Chromobacterium violaceum), virulence factors (Pseudomonas aeruginosa), flagellar motility (Listeria monocytogenes), bioluminescence in Vibrio harveyi and Vibrio fischeri, sporulation, and development of mature biofilms through cell differentiation and community organization [6, 7] . Various reports pertaining to food spoilage have demonstrated the role of QS in biofilm formation in food. Biofilm is a complex aggregation of the bacterial population with protected proliferation enabling them to stay alive in hostile environments as in human host [8] [9] [10] . Additionally, it enables them to disperse and colonize by the formation of biofilms [11] . Biofilm formation has been reported to be associated with more than 80% of infections caused by pathogenic bacteria. Therefore, biofilms can be considered as a special mode of persistent bacterial infection.
In recent past, extensive investigations on safe food preservatives have been carried out and QS in bacteria has emerged as an attractive target [12] [13] [14] [15] . Nanostructured materials due to their peculiar physical and chemical properties have caught the eye of the scientific community. It has potentially influenced the food packaging industry to a great extent as nanomaterials show improved flexibility, gas barrier properties, temperature and moisture stability, etc. Further, incorporation and integration of active antimicrobial, oxygen-scavenging agents, antioxidants, and intelligent nanosensors for monitoring the condition of food are expected to provide advanced packaging solutions [16, 17] . Metallic nanoparticles and their oxides are being exploited in almost all sectors due to the development of rapid and economical methods of synthesis. Moreover, the material is found to be safe, nontoxic, and stable [18, 19] .
Tin oxide nanoparticles (TONPs) are one of the important materials that have been exploited widely to reduce air pollution and in the detection of toxic/smelling gases at low levels in the air as well as at industrial and domestic levels [20] . Owing to their antimicrobial and antioxidant properties, tin oxide nanoparticles are deemed to be excellent candidates for biomedical applications [21] [22] [23] . Although antimicrobial properties of tin oxide nanoparticles are well documented, very little data is available on the effect of nanoparticles with special reference to nano tin on QS-controlled virulence and biofilm.
Therefore, the present investigation reports facile synthesis and characterization of SnO 2 hollow nanoflowers composed of small nanorods. The prepared SnO 2 -NFs were examined regarding their morphological and structural properties using X-ray diffraction (XRD) spectroscopy, Fourier transform infrared spectroscopy (FT-IR), UV-vis diffuse reflectance spectroscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). We have assessed the ability of these nanoflowers to interfere with QS-regulated virulence functions in test pathogenic bacteria. Further, we examined the effect of synthesized nanoparticles on biofilm formation and on the eradication of preformed biofilms. To the best of our knowledge, this is the first report on tin oxide nanoparticles demonstrating the inhibition of QS-controlled functions with special reference to biofilm.
Materials and Methods
Tin(IV) chloride (SnCl 4 ·xH 2 O) used as the precursor for the synthesis of tin oxide NPs and ammonia solution (NH 4 OH) were purchased from Sigma-Aldrich. All solutions were prepared using deionized water. 3 ethanol and stirred for 30 min till a transparent solution was obtained. The ammonia solution (NH4OH) was dropped to the starting solution under stirring to keep a constant pH value (pH = 8). The solution was put under an ultrasonic wave apparatus for 30 min to obtain homogenous solution which was then aged for 12 h. The black precipitate was collected by filtration then washed by distilled water and ethanol for three times. After drying at 85°C for 4 h in the oven, the precursor was calcined at 600°C for 3 h. After cooling, tin oxide nanoparticles were obtained.
Characterization of TONFs.
The phase and crystal structure of the products was determined by powder X-ray diffractometer (Ultima IV Rigaku with Cu Kα radiation). FTIR spectra of the sample were recorded on a Thermo Nicolet 380 USA spectrometer using a KBr pellet technique in the range of 4000-400 cm −1 . The pellets were made of a mixture of 100 mg KBr dried at 120°C and 2 mg of the studied sample. UV-vis absorption spectra of the synthesized nanoparticles were obtained using a UV-vis spectrophotometer (Shimadzu UV-1800, Japan). Transmission electron microscopy (TEM) (JEOL 2100) was operated at 200 kV, and the morphological and elemental compositions of SnO 2 NPs were studied by scanning electron microscopy (SEM) on a JEOL FE-SEM (JSM 7600F) microscope-coupled energy-dispersive spectroscopy (Oxford) analysis system.
Bacterial Strains.
Bacterial strains used in the present investigation were Chromobacterium violaceum ATCC 12472, Pseudomonas aeruginosa PAO1, Serratia marcescens ATCC 13880, and Listeria monocytogenes (laboratory strain). All bacteria were cultivated on Luria-Bertani (LB) medium. P. aeruginosa and L. monocytogenes were grown at 37°C while C. violaceum and S. marcescens were cultivated at 30°C.
Determination of Minimum Inhibitory Concentration (MIC).
Minimum inhibitory concentrations of synthesized TONFs against the bacterial pathogens were determined using the 96-well plate microbroth dilution method described by Klančnik et al. [24] . The minimum concentration of tin nanoflowers at which there was no visible growth of bacteria was recorded as MIC. Concentrations lower than MICs were used to study the effect of synthesized nanoflowers on QS and biofilm in pathogenic bacteria.
2.5. Violacein Inhibition Assay. Violacein production by biosensor strain C. violaceum ATCC 12472 (CV12472) in the presence of subinhibitory concentrations of TONFs was studied using the method described by Husain et al. [25] . Briefly, CV12472 was incubated overnight and transferred to Erlenmeyer flasks containing Luria broth (LB) supplemented with 2-16 μg/ml concentrations of TONFs. All flasks were incubated for 24 h in a shaking incubator. 1 ml of incubated culture was centrifuged for 10 min, and 1 ml of DMSO was added to the resultant pellet. This solution was vortexed vigorously for 30 seconds and centrifuged at supernatant (200 μl) was added to 96-well flat-bottomed microplates (NunC), and absorbance was read at 585 nm. Observations were measured in terms of % inhibition using the following formulae:
× 100 1 2.6. Virulence Assays in P. aeruginosa. The effect of sub-MICs of TONFs on the production of QS-regulated virulence factors, namely, LasB elastase, protease, pyocyanin, and alginate, was determined by employing methods described previously [26, 27] .
2.7. Prodigiosin Assay in S. marcescens. Overnight grown S. marcescens (1%) was inoculated into 2 ml of fresh LB supplemented with sub-MICs of TONFs. Late stationary phase cells were collected and centrifuged for 10 min at 10000 rpm. Prodigiosin from the pellet was extracted with acidified ethanol solution, and absorbance was measured at 534 nm [28] .
Biofilm Inhibition.
Biofilm inhibition by TONFs was determined using the method described by Kalishwaralal et al. [29] . Briefly, test pathogens grown overnight were reinoculated in fresh LB medium with or without subinhibitory concentrations of TONFs and incubated at 37°C for 24 h. Biofilms formed in microtitre plates were washed with PBS, stained with a 0.1% crystal violet solution, and quantified by measuring the absorbance at OD 595 .
Extraction and Quantification of Exopolysaccharide (EPS).
Pathogens under study were cultivated with or without sub-MICs of TONFs and centrifuged. The resulting supernatant was filtered, and three volumes of chilled 100% ethanol were added to it. The supernatant-ethanol mixture was incubated for 18 h at 4°C to precipitate out the EPS [30] . The Dubois method of estimating sugars was used to compute the EPS production [31] .
Swarming Motility Assay.
Overnight culture of the test pathogens was point-inoculated at the center of LB medium plates consisting of 0.3% agar with or without various subinhibitory concentrations of TONFs [32] .
2.11. Cell Surface Hydrophobicity Assay. Cell surface hydrophobicity (CSH) was determined using the protocol described by Viszwapriya et al. [33] . Pathogens (1 ml) grown overnight in the presence and absence of TONFs were mixed with 1 ml of toluene and vortexed for 2 min. To facilitate phase separation, these tubes were left undisturbed for 15 min. Bacterial density of the aqueous phase was measured at 600 nm. Percent (%) CSH was determined by using the following equation: 1 − OD600 nm af ter vortexing/ OD600 nm bef ore vortexing × 100 2.12. Biofilm Eradication Assay. The effect of TONFs on preformed biofilms was assayed by growing the test bacteria in 96-well microtitre plates for 24 h at 37°C. After incubation, nonadhered cells were washed and wells were supplemented with fresh medium. 0.5 × MIC of TONFs were added to wells, and microtitre plates were incubated overnight. Wells of incubated plates were washed thrice with PBS and stained with 0.1% crystal violet. Eradication of preformed biofilm was quantified by measuring the absorbance at OD 595 [34] .
Results and Discussion
3.1. XRD Analysis. Crystal structures and crystallinity of the synthesized SnO 2 powder were studied by X-ray diffraction (XRD), and the result is shown in Figure 1 . The crystallinity of the sample is clearly evident by the sharper diffraction peaks at respective diffraction angles of the prepared SnO 2 powder. All of the peaks were matched with diffraction data of the tetragonal structure of tin oxide (JCPDS: and show a strong preferred orientation of (211) [35] . No other crystal phase is detected, indicating the high purity of the final product. Strong and sharp peaks indicate that the prepared product is highly crystalline. Tetragonal lattice parameters were found 0.492 nm for a and b and 0.328 nm for c, respectively. The major peaks of SnO 2 were located at 2θ = 26 61°, 33.93°, and 51.81°. The reflections are markedly broadened, which indicates that the crystallite size of SnO 2 nanoparticles is small. The crystallite size (D) determined from SnO 2 by the Scherrer formula is about 17.77 nm.
FTIR Spectra.
The composition and quality of the product were analyzed by FTIR spectroscopy. Figure 2 shows the FTIR spectra of SnO 2 synthesized by the coprecipitation method. FTIR studies showed that chlorine contamination was completely removed by the washing process. The broad band around the 3390-3425 cm −1 region is due to the stretching vibration of the O-H bond. This band is due to the OH groups and the adsorbed water bound at the SnO 2 surface. The band at 1625-1635 cm −1 is attributed to the bending vibration of water molecules, trapped in the SnO 2 sample 3 Journal of Nanomaterials [36] . The peak at 625 cm −1 agrees with the stretching modes of the Sn-O-Sn terminal Sn-OH, while the peak at the 580 cm −1 region corresponds to the stretching terminal of Sn-OH [37] . Figure 3 . Absorption was recorded at 285 nm, and this can be accredited to low coordination of surface oxide ion. This observation is because of the fact that as coordination decreases, the electrostatic potential of a O 2− ion in SnO 2 also decreases gradually, and thus, the whole process requires less energy.
The optical band gap energy (Eg) of SnO 2 nanoparticles is calculated from the equation given below [38] :
where α is the absorption coefficient, A is a constant, h is the Planck constant, and E g is the band gap energy and n is equal to 1/2 and 2 for direct allowed transition and indirect allowed transition. The plot of αhν 1/2 versus hν based on direct transition and gives absorption edge energy which is the band gap of the material, as is shown in the inset in Figure 3 . The evaluated optical band gap energy of the SnO 2 nanoparticle is 3.98 eV which is larger than the value of 3.64 eV for bulk SnO 2 [39] because of the quantum confinement effect.
3.4. SEM and TEM Analysis. The scanning electron micrograph of SnO 2 nanoflowers is shown in Figure 4 . The nanoparticles exhibited varied morphology, and the sizes are smaller than 50 nm (Figure 4(a) ). Previously, nanocrystalline tin oxide (SnO 2 ) particles have been reported to exhibit uniform distribution grains with an average crystallite size of 52 nm [40] . In another finding, a controlled synthesis of monodispersed SnO 2 nanoparticles was found in which increasing pH from 6 to 9 resulted in decreased particle size [41] . The energy-dispersive X-ray (EDX) spectrum of synthesized SnO 2 nanoparticles revealed the presence of tin and oxygen only. The composition of tin and oxygen by weight was 58.39 and 41.61%, respectively. The size distribution of nanoparticles depends on many factors during synthesis such as rate of nucleation, agglomeration, and growth processes [42] . Figure 5 shows the transmission electron micrographs of SnO 2 nanoflowers. The micrographs support the SEM findings of variation in shape and also validated the XRD results; here, the average particle size was found to be 17.77 nm. The shape of particles revealed by TEM was spheroidal along with anisotropies. Das et al. [43] reported the synthesis of nanorods and nanoparticles of SnO 2 using the solvothermal technique. The variation in shape and size of nanoparticles synthesized using different routes has also been reported earlier [44, 45] .
3.5. Determination of MIC. MIC of TONFs was determined against pathogens C. violaceum 12472, P. aeruginosa PAO1, L. monocytogenes, and S. marcescens. MIC is the lowest concentration at which no visible growth of the test pathogen is observed, as depicted in Figure 6 . MIC for TONFs against P. aeruginosa PAO1 and S. marcescens was found to be 128 μg/ml, while the lowest MIC of 32 μg/ml was recorded against CV12472. Further, minimum bactericidal concentration (MBC) was also assessed and is presented in Figure 6 . MBC values for C. violaceum 12472, P. aeruginosa PAO1, L. monocytogenes, and S. marcescens were found to be 64, 256, 128, and 128 μg/ml, respectively. The effect of TONFs on quorum sensing-regulated functions and biofilm was assessed using sub-MICs (concentrations below MIC).
Effects of TONFs on Quorum
Sensing-Regulated Functions 3.6.1. Violacein Inhibition in C. violaceum. QS inhibition by TONFs was assessed using C. violaceum 12472 indicated by the loss of purple pigmentation (violacein). TONFs reduced violacein production in CV12472 in a concentration- Journal of Nanomaterials dependent manner, and a significant drop in the violacein content was recorded at all tested concentrations. At 2 μg/ml concentration, TONFs decreased violacein production by 29% as compared to untreated control (p ≤ 0 05). Similarly, with increasing concentration, gradual reduction in violacein was also observed to a maximum of 74% at a concentration of 16 μg/ml ( Figure 7) . The results of violacein inhibition assay are comparable with those of Wagh et al. [46] , who observed an 80% decrease in violacein production at 4 mg/ml. In another study, Singh et al. [47] reported 100% inhibition of violacein after treatment with mycofabricated silver nanoparticles.
Virulence Functions in P. aeruginosa PAO1.
During infection, the production of virulence factors like elastase, protease, and pyocyanin invades and damages host tissue and leads to dissemination, leading to systemic spread of the pathogen [48] . Thus, QS-dependent production of virulence factors like elastase, protease, alginate, and pyocyanin was investigated to assess the effect of TONFs on virulence.
Elastase is a metalloprotease that facilitates the invasion and colonization of infection-causing bacteria by damaging host cell tissues. Proteases of bacteria hydrolyze a variety of host proteins and play a key role in host colonization [49] . When P. aeruginosa PAO1 was cultivated in the presence 5 Journal of Nanomaterials of sub-MICs of TONFs, elastase activity was suppressed significantly to 59% and protease production was reduced up to 64% as compared to untreated control (Figure 8) . Prateeksha et al. [50] reported a comparable decrease in elastase (52%) and protease (60%) after treatment with sub-MICs of selenium nanovectors.
QS regulates the production of a blue pigment called pyocyanin in P. aeruginosa. The role of pyocyanin in pathogenesis is well-known as it impairs the neutrophil-mediated defense system of the host [51] . Synthesized TONFs at subinhibitory concentrations reduced the pyocyanin production substantially (Figure 8) . A maximum reduction of 61% was recorded at the highest tested concentration, i.e., 64 μg/ml, while a 22, 31, and 47% decrease was observed at 8, 16, and 32 μg/ml concentrations, respectively. Our observations on pyocyanin reduction find support from the reports on zinc nanoparticles [52] and silver nanoparticles [47] .
Alginate is a major component of the exopolysaccharide matrix that surrounds the biofilm and confers resistance to bacteria against antimicrobials [27] . Therefore, any interference with alginate production is bound to reduce the rate of resistance among bacteria and make them more susceptible to antibacterial drugs. We observed that alginate production decreased with increase in concentration of TONFs. Alginate production was impaired by 19-50% at concentrations ranging from 8 to 64 μg/ml (Figure 8 ). Our results are in accordance with observations on green synthesized zinc oxide particles that arrested alginate production by 34-74% at tested sub-MICs [53] .
3.6.3. Prodigiosin Inhibition in S. marcescens. Prodigiosin is a QS-regulated virulence function of S. marcescens and plays a vital role in the pathogenicity of the pathogen. A concentration-dependent decrease in prodigiosin production was recorded at sub-MICs ranging from 8 to 64 μg/ml ( Figure 9 ). Prodigiosin was reduced maximally by 54% at 64 μg/ml concentration, while at the lowest tested concentration (8 μg/ml) its production decreased by 21%. This drop in prodigiosin production by S. marcescens was found to be significant at all tested concentrations (p ≤ 0 05). Al-Shabib et al. [53] demonstrated 60% reduction in prodigiosin at 50 μg/ml concentration of zinc oxide nanoparticles. This finding corresponds to our results on prodigiosin reduction.
Effect of TONFs on Biofilm Formation. Biofilm formation in many bacteria is regulated by quorum sensing (QS).
Bacteria residing in biofilm mode are surrounded by a layer of exopolysaccharides that functions as a protective sheath against environmental stress and host defense, leading to increased resistance to antimicrobials [48, 54] . Biofilm formation is considered as an important characteristic Journal of Nanomaterials contributing to the virulence of pathogenic bacteria. Hence, sub-MICs of TONFs were assessed for their potential antibiofilm activity against test pathogens. Microtitre plate assay for quantification of biofilm demonstrated a decrease in the biofilm formation capabilities of all pathogens after treatment with sub-MICs of TONFs as depicted in Figure 10 . A concentration-dependent drop in biofilm formation was recorded for all tested pathogens at their respective sub-MICs. A maximum reduction of 62%, 51%, 64%, and 70% in the biofilm forming ability of P. aeruginosa PAO1, C. violaceum 12472, S. marcescens, and L. monocytogenes was observed over untreated control, respectively.
To validate the results of the biofilm inhibition assay, TONF-treated and untreated biofilm architecture was visualized using a confocal laser scanning microscope (CLSM). CLSM images of biofilm formation in test bacteria grown in the presence (0.5 × MIC) and absence of TONFs are illustrated in Figure 11 . It is quite evident from the images that biofilm formation was arrested substantially after the addition of tin nanoflowers. The untreated control showed thick aggregation of cells in all pathogens whereas TONF-treated bacteria showed disturbed architecture of microcolonies. A similar dose-dependent reduction of biofilm in pathogenic bacteria has been described with silver nanoparticles [45, 55] , zinc oxide nanoparticles [52, 53] , iron oxide nanoparticles [56] , and copper oxide nanoparticles [57] .
3.8. Effect on EPS and Swarming Motility. Exopolysaccharides and motility are vital in biofilm formation as the former is indispensable for the biofilm architecture and protects the biofilm for the action of antibiotics while the latter is responsible for the initial adhesion of pathogens to the surface [7] . Sub-MICs of TONFs demonstrated a significant reduction in EPS in all pathogens. EPS production was reduced by 48%, 55%, 41%, and 62% in PAO1, C. violaceum 12472, S. marcescens, and L. monocytogenes, respectively (Figure 12) . A similar arrest in swarming migration was also observed at respective 0.5 × MIC of synthesized tin nanoflowers against all test pathogens. The diameter of swarm decreased by 66% and 58% in PAO1 and S. marcescens, respectively, at 64 μg/ml concentration, while at 16 μg/ml concentration motility was impaired by 62% in C. violaceum 12472. Motility of L. monocytogenes was also affected significantly, and a 61% drop was recorded at 32 μg/ml concentration as compared to untreated control ( Figure 12 ). Our findings on EPS and motility inhibition corroborate well with the results obtained on reduced biofilm formation among test pathogens after treatment with synthesized TONFs. Since it is well documented that EPS and swarming motility are essential for the development and maturation of biofilms, interference with EPS and motility is bound to reduce biofilm formation.
Effect on Cell Surface Hydrophobicity (CSH).
Cell surface hydrophobicity is also an important factor in the development of biofilm as it is the measure of the adhesion ability of the pathogen to the surface. Adhesion is the first step in biofilm development and is responsible for the subsequent infections and food spoilage in medical settings and the food industry, respectively. Since there is a positive correlation between hydrophobicity and adhesion, CSH is considered as a good indicator of the adhesion ability of the pathogen [54] . In the present investigation, CSH was reduced by 71%, 57%, 73%, and 64% in PAO1, C. violaceum 12472, S. marcescens, and L. monocytogenes, respectively, at respective 0.5 × MIC (Figure 12) . Observations of the CSH assay clearly demonstrate that the synthesized tin nanoflowers inhibit the bacterial biofilm during the initial stages by impairing the adhesion ability of the pathogen to the surface. 3.10. Eradication of Preformed Biofilms. Bacteria growing in planktonic mode are susceptible to antibiotics and disinfectants, but the susceptibility decreases several folds when these bacteria form biofilms [58] . Therefore, eradication preformed by biofilms by chemical agents is difficult in both healthcare and the food industry. In the present study, 0.5 × MICs of TONFs were tested for their ability to eradicate preformed biofilms of the test pathogens ( Figure 13 ). Results showed that at 64 μg/ml, 24 h old biofilm of P. aeruginosa and S. marcescens was eradicated by 45 and 51%. For C. violaceum, 38% of the preformed biofilm was removed upon addition of 16 μg/ml while 64% of the L. monocytogenes biofilm was removed after treatment with 32 μg/ml concentration of TONFs. These findings suggest that the synthesized tin nanoflowers crossed the EPS matrix and successfully penetrated the biofilm, resulting in significant obliteration of the preformed biofilm in all tested pathogens. This is probably the first report on the eradication of preformed biofilm by tin oxide nanoparticles. However, similar results on biofilm eradication by silver nanoparticles have been reported against both Gram-negative and Gram-positive pathogens [34, 45] .
Conclusions
Monophasic tin dioxide nanoflowers assembled by rod-like nanostructures were prepared by coprecipitation method without using any surfactants or templates. The study is significant as it demonstrated broad-spectrum inhibition of QS-regulated virulence and biofilm in pathogenic bacteria. Synthesized nanoflowers also exhibited significant eradication of the preformed biofilms. This is probably the first report on the interference of QS and biofilm inhibition using tin oxide nanoparticles. These findings suggest that synthesized TONFs could be exploited in the food industry and clinical settings for the removal of preformed biofilms. Based Figure 12 : Effect of 0.5 × MICs of TONFs on swarming motility, EPS production, and cell surface hydrophobicity (CSH) of P. aeruginosa, C. violaceum, S. marcescens, and L. monocytogenes. All of the data are presented as mean ± standard deviation.
* p ≤ 0 05, * * p ≤ 0 005, and * * * p ≤ 0 001. 
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